Purpose This retrospective study aims at investigating the effects of moderately hypofractionated radiation therapy (HRT) on acute and late toxicities as well as on early biochemical control and therapeutic efficiency compared to conventional radiation therapy (CRT) in prostate cancer.
Introduction
Whilst a variety of different treatment options for localized prostate cancer (LPCa) exist, external beam radiation taneous integrated boost (SIB), allowing distinct radiation doses to be delivered to the cancer site and bordering organs during a single session [6] [7] [8] .
Fractionation schedules of radiotherapy can either be conventionally fractionated or hypofractionated. Hypofractionated radiotherapy (HRT) generally applies single doses of 2.4-3.1 Gy directed at the prostate and seminal vesicle, whereas effective single doses are lower for conventional radiation therapy (CRT) [5, 9] . The raise in the daily single dose for HRT is based on a low α/β ratio estimate for prostate cancer (PCa), which is assumed to cause a significantly higher sensitivity towards increased fraction dose. Whereas Brenner et al. [10] estimate the α/β ratio for PCa to range from 1 to 1.8 Gy, Vogelius and Bentzen [11] estimate the α/β ratio to be 1.2 Gy (95% CI: 0.8-1.7 Gy) and 2.7 Gy (95% CI: 1.6-3.8 Gy), concluding that moderate HRT is consistent with a low value of the α/β ratio. In contrast, the value for adjacent organs such as bladder or rectum is 3-5 Gy [12] .
Recent studies comparing hypofractionation and conventional fractionation in phase III trials conclude that HRT leads to similar or even improved late genitourinary (GU) and gastrointestinal (GI) toxicities [13, 14] . In addition, HRT confers improved availability, decreased costs, and shortened treatment duration, and thereby provides relief, especially for patients of advanced age or those suffering from multiple comorbidities. Countries such as the United States of America, Canada, United Kingdom, the Netherlands, and Italy have already established HRT as the clinical standard for radiotherapy of LPCa [15] [16] [17] [18] .
We conducted a non-randomized retrospective clinical trial to verify that moderate HRT is a treatment alternative with high potential to improve cancer control by evaluating its effects on acute and late toxicity in a cohort of 110 patients. To our knowledge, this study is the first HRT trial for prostate cancer conducted in Germany. The achieved decrease in toxicities reflects its high practical relevance. 1
Patients and methods

Patients
The present retrospective analysis examined 55 patients diagnosed with LPCa and treated with moderately hypofractionated radiotherapy in the time period between July 2016 and December 2018 at the Institute of Radiation Therapy and Special Oncology, Hanover Medical School.
Before consenting to enroll in the study the patients were informed about the current scientific status of HRT and possible side effects with respect to genitourinary toxicities. The medical briefing took place in accordance with the interdisciplinary German S3 guideline for PCa. Prior to proposing HRT to patients, risk factors such as comorbidity, risk stratification, age, and physical performance were taken into consideration. To assess the impact of HRT, we compared the HRT patients to a control group irradiated with CRT. Patients with radical prostatectomy, lymphadenectomy, prior history of radiotherapy, evidence of pelvic nodal disease, and presence of distant metastases were excluded from the study; patients with biopsy-proven PCa T1b to T3b defined by the TNM system without evidence of distant metastasis were found eligible. The previously larger sample of CRT patients was further filtered using characteristics such as D'Amico risk classification for PCa, Charlson comorbidity index (CCI), androgen deprivation therapy (ADT), and age, to ensure comparability and resulting high quality of matching (CRT n = 55).
The share of patients classified as high (intermediate) risk according to D'Amico classification was 46% (49%) in the HRT group and 42% (51%) for CRT patients. The most frequently occurring diseases captured by the CCI [19] included diabetes, myocardial infarct, congestive heart failure, peripheral vascular disease, moderate and severe renal diseases, and additional tumors with similar distributions in both groups (Table 1) .
Methods
EBRT for LPCa employed intensity-modulated VMAT combined with SIB. The specific doses were calculated based on Monte Carlo treatment planning simulations and are listed in Table 2 . The HRT group received 50.0 Gy directed to the prostate and seminal vesicle with a single dose of 2.5 Gy and an additional SIB applied only to the prostate with the effective single dose of 3.0 Gy summing up to a total of 60.0 Gy delivered in 20 fractions over 4 weeks (EQD2 77.1 Gy, α/β = 1.5 Gy). In contrast, CRT patients obtained a total dose of 50.4-59.4 Gy delivered in 1.8-2 Gy fractions to the prostate and seminal vesicle combined with a SIB to the prostate to 66 Gy, followed by an additional boost (sequential boost) to the prostate up to 72-78 Gy delivered in 2.0 Gy fractions over 8 weeks total treatment time.
All HRT patients received daily IGRT, whereas the vast majority of the CRT group obtained IGRT 2.3 times per week on average. IGRT was provided including a cone beam CT (CBCT) mounted on the gantry of a linear accelerator (VersaHD) using an Elekta x-ray volume imager (XVI).
In our study, gross tumor volume (GTV) equals the prostate since the tumor burden from MRI and PSMA-PET was not available for all patients. Safety margins comprised K Data are given in no.; % in parenthesis. Table shows the baseline characteristics in HRT and CRT groups ADT androgen deprivation therapy, HRT hypofractionated radiation therapy, CRT conventional radiation therapy 3 mm from GTV to clinical target volume (CTV) and 5 mm from CTV to planning target volume (PTV). The larger PTV includes prostate and seminal vesicle, whereas the SIB-PTV only contained the prostate without the seminal vesicle to protect the rectum as shown in Fig. 1 [20] . The mean SIB-PTV for the prostate gland without margins was 148.0 cm 3 for the HRT group and 184.8 cm 3 for the CRT group. Furthermore, the delivered mean dose to the urinary bladder (rectum) for the HRT arm was 24.8 Gy (27.7 Gy) and 34.6 Gy (37.4 Gy) for the CRT arm. The overall treatment time differed strongly between the groups: for the CRT group it amounted to up to over 55 days on average, whereas it lasted only 29 days for the HRT group. Whilst undergoing radiation therapy, patients' adverse events were controlled weekly. After treatment completion, patients were examined firstly after approximately 3 months, then in a yearly cycle. Acute adverse events were categorized retrospectively according to CTCAE version 5 [21] , whereas the chronic adverse events were assessed in accordance with LENT-SOMA tables [22] . Acute and late GI/GU toxicities were defined as primary endpoints. The secondary endpoints were given by BC. 
Statistical evaluation
Descriptive statistics were generated to characterize the study cohort. For continuous variables, the groups were compared by implementing the Student t-test and Wilcoxon-Mann-Whitney-test; for categorical and binary variables the two-sided Fisher's exact test was applied, because the expected frequencies are rather small and the Fisher's exact test does not require a certain sample size [23] . In addition, the average treatment effect (ATE) was calculated to compare toxicities between the treatment and control groups. Since the ATE can be biased in nonrandomized observational trials like the present study, propensity score matching (PSM) is applied to mimic a randomized trial and enable unbiased analysis [24, 25] . Thereby, the propensity score (PS) describes the probability of treatment assign-ment dependent on observed patients' traits as covariates, namely D'Amico risk stratification, ADT, CCI, and age. A logit model estimates the PS [24, 25] . In the next step, patients from the treatment and control groups are paired according to nearest-neighbor matching: treated patients are matched to those from the control group who are closest in terms of their PS with a caliper corresponding to 26% of the standard deviation of the PS. Lastly, a comparison of the matched patients provides an unbiased estimate of the ATE between the two groups [26] . To ensure robustness, we checked the pseudo-R 2 , changed the nearest neighbor ratio, restricted replacement, and performed local linear regressions and kernel regressions. As an additional robustness check, we estimated the ATE based on inverse probability weights. Furthermore, we evaluated the area of common support, maximum and minimum values, and the K 
Results
Patients
The HRT group received 50.0 Gy (single dose 2.5 Gy) to the prostate and seminal vesicle, integrating an SIB to the prostate at 60 Gy (single dose 3.0 Gy). The CRT group completed treatment as planned, with one patient pausing treatment due to an acute abdominal emergency. No data regarding the late toxicities were collected for two patients of each group during follow-up.
Response and local control
To capture the secondary endpoints, PSA values were measured after 3 months, 6 months, 12 months, and later than 1 year. Patients receiving ADT were excluded from evaluation of secondary endpoints to avoid bias in the results. Amongst those patients not obtaining ADT, PSA bounces occurred in all cases. After 3 months, values for PSA bounces were available for all patients and dropped by 6.1 ng/ml for the CRT group and 5.7 ng/ml for the HRT group. Values measured after at least 12 months showed a decrease of 7.6 for the CRT group and 7.1 for the HRT arm. The t-test and Wilcoxon-Mann-Whitney test revealed no significant differences between the treatment and control groups with respect to freedom from biochemical or clinical failure according to the Phoenix definition [27] . Mean follow-up was 16 months for the CRT group and 10 months for the HRT group.
Toxicity
We tested differences in acute GI toxicities (proctitis, colitis, diarrhea, defecation frequency, colonic obstruction) and acute GU toxicities (urinary frequency, dysuria, noninfective cystitis) using CTCAE (Table 3 and 4 ). Furthermore, we collected data regarding radiation-related acute dermatitis and fatigue. For late adverse GU and GI toxicities we stratified subcategories according to LENT-SOMA tables as follows: bladder/urethra, skin and subcutaneous tissue, small intestine, and colon. Out of the CRT group, 78% patients reported incidences of acute toxicities grades 1-3 compared to 62% of the HRT group. CRT patients suffered from proctitis grade 2 (13%), urinary frequency grade 1 (46%), and urinary frequency grade 2 (13%) more frequently than HRT patients, who reported values of 0%, 36%, and 4%, respectively (Table 3). Acute grade 3 GU toxicities were recorded rarely; only 1 patient from the CRT group experienced urinary frequency, and 1 patient from each group suffered from cystitis. Late toxicities of grade 4 were only found in the CRT arm, as shown in Table 3 . The results illustrated in Table 5 reveal that according to the two-sided Fisher's exact test, significant differences between the control and treatment groups exist with respect to proctitis (p = 0.019) and urinary frequency (p = 0.071). However, for none of the other adverse events were statistically significant differences found. For late adverse events, the test did not reveal significant differences between the two groups. Hence, for late adverse events, HRT yields equal results to CRT. Table 5 presents the average treatment effects as calculated based on propensity score matching. A total of six blocks were identified to ensure that the mean propensity score does not differ between treatment and control groups. Fig. 2 illustrates the decline in bias through PSM. Fig. 3 shows that the baseline-recorded characteristics overlap; hence, balance between the two groups exists and an area of common support is given. The results of the ATE support the previous results of the Fisher's exact tests: as illustrated, differences between the therapy and the control groups are only significant for proctitis and urinary frequency. Specifically, the ATE reveal that occurrence and intensity of proctitis and urinary frequency are lower for the HRT group (p = 0.027 and p = 0.034, respectively). For all other symptoms (acute as well as late), the differences were not statistically significant and, hence, HRT does not intensify the side effects.
Furthermore, since the larger PTV volume (prostate and seminal vesicle) and SIB-PTV (prostate) differed between Fig. 3 Area of common support and overlap between CRT and HRT groups show balance between the two groups and high quality of matching K HRT and CRT cohort as indicated in Table 2 , we tested correlations between occurrence of any toxicity and PTV volumes. Despite a possible clinical causal relation, the analysis revealed no significant correlations in both patient groups.
Discussion
In our study we compared the treatment effectiveness of moderate HRT performed with modern techniques (IMRT-IGRT-SIB) to CRT by analyzing the occurrence and intensity of acute and late toxicities. The findings showed improved treatment effects regarding irradiation-related acute GI and GU toxicity, namely for proctitis and urinary frequency, whereas HRT proved to be an equivalently efficient treatment method when compared with CRT regarding its effect on all other toxicities. A decrease in PSA values in the follow-up care was achieved for both the HRT and CRT arms, which implies biochemical tumor control in both groups. Several previous studies have explored the effects of HRT. In the context of a meta-analysis, Datta et al. summarized data from randomized trials with follow-up periods ranging from 6 to 10 years to compare moderate HRT with CRT using doses from 57.0 to 62.0 Gy for the HRT arm and 74.0 to 80.0 Gy for the CRT arm. Datta et al. conclude that in the investigated trials, such as the PROFIT [14] , IRE [28] [29] [30] [31] , RTOG [30] , CHHiP [17] , and HYPRO [32] studies, HRT leads to similar or even improved results regarding biochemical outcomes and toxicity. Also, Schörghofer et al. [33] report that moderate HRT lowers GU and GI toxicity through all risk classifications. Additionally, the recently published study from Hoffman et al., which includes a follow-up of 8 years, finds improved tumor control through HRT. However, some investigations find the incidence of acute GI toxicity to be significantly higher (between 0.3 and 13.9%) in the HRT group compared to CRT treatment [13, 34] .
These outcomes with respect to increased acute GI toxicity refined our study design, which aimed at preventing increased toxicity by implementing an additional SIB to the prostate and modern techniques. To achieve this goal, we supported the radiotherapy entirely with IMRT-IGRT-SIB plans for both groups. Using fractionation schedules of previous studies as an orientation, we applied a modified dose of 50.0 Gy to the prostate and seminal vesicle with an additional 10.0 Gy as a SIB directly to the prostate in 20 fractions (EQD2 77.0 Gy, α/β = 1.8 Gy) over a period of 4 weeks, to reduce rectum and bladder complications.
The control group received a total dose of 50.4-59.4 Gy delivered in 1.8-2 Gy fractions to the prostate and seminal vesicle combined with a SIB to the prostate to 66 Gy, followed by an additional boost (sequential boost) to the prostate up to 72-78 Gy delivered in 2.0 Gy fractions over 8-weeks' total treatment time. The implementation of analogous IMRT-IGRT-SIB plans for both groups allowed an efficient treatment cohort comparison.
Regarding dose constraints, Yu [35] and Hoffman et al. predict that smaller dose constraints, especially with respect to the rectal doses, lead to enhanced cancer control and less acute GI toxicity rates. Consequently, we carefully considered the dose constraints for the adjacent organs. We chose dose constraints following the study of Catton et al., but decreased them by around 10% (Table 6 und 7) .
The descriptive analysis based on the two-sided Fisher's exact test reveals that the occurrence and intensity of urinary frequency as well as proctitis decreased in the HRT group (p = 0.071 and p = 0.019, respectively). In contrast, the occurrence and intensity of all other late and acute toxi-K cities do not differ significantly between the HRT and CRT arms. The average treatment effects confirmed these results (Table 5 ) and simultaneously proved the robustness of the findings by counteracting the selection bias persistent in nonrandomized trials through propensity score matching. These results correspond with the findings of other studies [36] , and the implementation of SIB and modern techniques and restricted dose constraints further prevents increased GI adverse events. The study adds to the existing state of the art by integrating these modifications, which results in significantly reduced occurrence and intensity of proctitis and urinary frequency.
Several limitations of this study should be considered. The findings of the present analysis predominantly apply to intermediate-and high-risk LPCa patients with multiple comorbidities and high age. Due to advanced patient age and the current data base, the follow-up was relatively short (16 months for the CRT group and 10 months for the HRT group). Furthermore, the number of patients undergoing HRT was comparatively small, which reflects the slow shift towards HRT in Germany. Yet, as proven by statistical analysis, the findings remain robust and offer interesting insights into the efficiency of HRT. Further research could include additional consideration of bladder and rectum volumetric variations throughout treatment, to decrease toxicities as described by Gawish et al. [37] and Grün et al. [38] .
Conclusion
The present study concludes that hypofractionated radiation schedules and modified treatment plans integrating modern techniques and implementing an SIB directly to the prostate lead to reduced toxicity rates and improved tumor control. Furthermore, the smaller number of fractions and higher single dose, which are accompanied by shorter treatment duration, improve patient comfort and compliance. Additionally, decreased health costs enhance accessibility of the treatment. Thus, HRT offers several medical and economic advantages and should therefore be considered as clinical standard, also in Germany.
